INTRODUCTION
Glycosyltransferases (GTs) are one of the largest and most diverse enzyme groups in all living cells. This enzyme group performs many critical functions such as the synthesis of glycogen, and carbohydrate-polymers, they act on proteins that mediate cell-cell interactions and glycosylate transcription regulators (1). Hence, the variety of acceptors that GTs act on is highly diverse, with saccharides, lipids, proteins, and nucleic acid as the most common. To reflect the structural variation of the acceptors and donators that glycosyltransferases can use, and the fact that the sequence similarity within the GTases is low, a large diversity of folds of these enzymes have been expected (2) . Glycosylhydrolases, enzymes performing the reverse reaction have been found to have many different fold types (2) , but so far only two different folds have been discovered within the solved crystal structures for the GTs, named GT-A and GT-B respectively (3) . A third glycosyltransferase group (GT-C) has been discovered by iterative BLAST searches and by structural comparisons (4) . These proteins are integral membrane proteins with the active site in the long loop, and with the transmembrane helix number varying between 8 to 13. The GT-C family can also be found with Hidden Markov method searches within the GT families. This method has also identified a fourth family, unique for eukaryotes, named GT-D (5).
The GT-A fold consists of two tightly associated β/α/β domains, of varying sizes, with separated nucleotide (SGC) and acceptor binding domains (6) . The majority of the proteins in this fold group have a short N-terminal cytoplasmic domain followed by a transmembrane (TM) segment, a stem region to reach out from the membrane, and finally the large globular enzyme part (3) . The GT-B group has two similar, but less tightly associated Rossman-like β/α/β fold domains, and are frequently membrane associated (7) . However, only a very by guest on November 17, 2017 http://www.jbc.org/ Downloaded from term at different lags, hence z (1) 1 x z (1) 2, z (1) 1 x z (2) 2, z (1) 1 x z (3) 2 etc. For short peptides such as signal peptides, the size of the maximal lag is dependent on the shortest peptide in a set, but for large polypeptides such as glycosyltransferases, the optimal lag seems to be between 15-25 aa. After optimisation, a window size of 19 was chosen in this study, which gives 171 variables (19x3x3) for each sequence. Auto covariances with lag= 1, 2, 3...L were calculated by the equation:
Index j is used for the z-scales (j=1,2,3), index i is the aa position (i=1,2...n) and n is the number of amino acids in the sequence (cf. Fig 1) . The crossed covariances between the two different scales j and k are given by (note the difference between ACC jk and ACC kj ):
Partial least squares projections to latent structures discriminant analysis (PLS-DA) finds the relationships between a X-matrix and a Y-matrix, i.e. find relationship between sequence properties of the X-matrix, and a Y-matrix defining the group membership (20) . In this study the Y-matrix is composed of dummy variables, hence a value of 1 is given to members of the same group and 0 for non-members. The method is using class membership in the Y-matrix, that in PLS is composed of features that are responses to the variables in the X matrix, here fold group or reaction mechanism. PLS-DA is using the assumption that sequences belonging to the same class have common features and therefore will behave similarly in the analysis, as visualised in the score plot. This method can also be used to predict relationships for new unclassified sequences. In PLS-DA a multidimensional space is formed where every variable (e.g. z (1) 1z (1) 2, z (1) 1z (2) 2, z (1) 1z (3) 2) represents one dimension and every object (data from one sequence) is a point in this space. For the reference set, this means 141 points in a 171 what periodic features that are responsible for the separation between the fold structures or reaction mechanisms. These features can then be searched for on the sequence level. The objects best separated, hence localised far away from the centre of the plot, are the ones best described by the variables with the largest weight. Such variables are therefore most likely to be identified at the sequence level in these proteins.
To evaluate the complexity i.e. the numbers of PLS components to use in the model cross validation is preformed, where all objects are withdrawn, here 1/10 at a time, and their yvalues are predicted from an updated model based on 9/10 of the objects. This procedure is repeated ten times. A Q (cum) 2 value is calculated which describes how much of the variance in the Y matrix can be predicted by the model. To obtain a perfect score of 1, all objects should be predicted back to the exact position given by the the Y matrix. A Q(cum) 2 larger then 0.1 corresponds to a 95% significance of the model (21).
Sequence alignment methods─Lalign was used to make pair-wise sequence alignments 
RESULTS
Fold and reaction mechanism revealed by multivariate analysis─Do glycosyltransferases contain sequence property periodicities related to protein architecture and enzyme function?
GTs from prokaryotes and eukaryotes using many different substrates were used in the reference sets selected from the CAZy classification, and mainly from families where members have at least one established crystal structure. A few related families were also included when needed. Proteins belonging to the same CAZy family are believed to have the same fold. MVDA, here PLS-DA, could divide the glycosyltransferase sequences according to the established (or predicted) fold (Fig. 2 ). In the structure division between GT-A, GT-B and the third newly discovered GT-C group, with transmembrane topology, a Q(cum) 2 value of 0.730 was obtained (Fig. 2 A) . This is a high Q(cum) 2 value ("prediction ability" of the model, maximum is 1.0; cf. experimental procedures), but the separation between GT-A and GT-B was less pronounced and partially overlapping. Note that the number of transmembrane segments seems to have less impact on the distribution of the GT-C sequences, i.e. no grouping. To further investigate the differences between the different fold groups GT-A and GT-B were each analysed separately with GT-C, yielding Q(cum) 2 values of 0.868 (Fig. 2 B) and 0.91 (data not shown), respectively. A division between the GT-A and GT-B yielded a Q(cum) 2 of 0.655 (Fig. 2 C) . A further separation within the GT-A and GT-B groups was achieved on basis of reaction mechanism ( Fig. 3 A & 3) were (in rank) z (2) 1z (3) 13, z (2) 1z (2) 5, z (1) 1z (1) 18, z (2) 1z (2) 10, z (2) 1z (1) 4, and z (1) 1z (1) 14.
Important variables at shorter distances were size (z (2) ) and hydrophilicity/hydrophobicity (z (1) ) patterns, e.g. positions 1 to 4 and 1 to 5, corresponding to 3 and 4 amino acids apart, such as amino acids on the same side of a helix. Autocorrelation analyses have shown that proteins with several helices have a strong periodicity of hydrophobicity, of approximately 3.7 (31). This is close to the 1 to 5 and 1 to 4 positions in this work (cf. above). The longer correlation distances (1 to 13, 1 to 18 above) are longer than the average lengths of alpha helices and beta strands in proteins, but in Rossman-like folds important functional residues are frequently found in the connecting loops (32,33). The established alignments between the selected retaining enzymes were used to search for the latter variables at the sequence level, but shorter distances, hence z (2) 1z (2) 5, z (2) 1z (1) 4, may be more difficult to visualise due to the number of helices in the structures. The variable z (2) 1z ( However, no comparison could be made between the retaining and inverting GT-A groups (clans), since a useable comparative alignment for the inverting mechanism sequences could not be established for the families involved.
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http://www.jbc.org/ Downloaded from pattern pairs consist of one hydrophobic and one hydrophilic amino acid (see Table I ). The retaining group should have equal sign hydrophobicity values, hence two hydrophobic or two hydrophilic amino acids at positions 1 and 16. The pattern was similar for the GT-A fold group, where the variable is z (1) 1z (1) 18, however the pattern has not yet been identified in the inverting enzyme clan.
Predictions from Genomes─The three GT fold groups could be well separated from each other, where the division between GT-C and each of the two others separately were stronger ( individually with the GT-C group was also made and the E.coli proteins were predicted into these models (data not shown), revealing the same results as with the three fold groups together. Evaluation of Table II shows that seven E.coli glycosyltransferases were predicted to belong to the GT-C fold group. All these have one or more hydrophobic TM segments each. No proteins without TM segments were incorrectly grouped to this family for the E.coli set. E.coli has four other proteins that have one proposed TM segment each, but they were not grouped to the GT-C fold. The latter ones only come from two families, GT8 and GT51. GT8
has a member with a solved crystal structure, LgtC of the GT-A fold group (27). The Cterminal part of LgtC consists of a domain very rich in basic residues and several hydrophobic and aromatic residues in an amphiphatic organisation, but no TM segments. Hence, presence/absence of amphiphatic segments seemed of minor importance (data not shown).
This domain is believed to bind to the membrane and is relatively conserved within the family Table III ).
The 61 annotated, potential glycosyltransferases from Synechocystis found in the CAZy database (data not shown), were also analysed by the same method. Here, 10 GTs were predicted to belong to the GT-C group. The separation between the GT-A and GT-B fold, and versus the GT-C group (like in Fig. 2 C & D) , was also preformed for the Synechocystis GTs.
The results were again very similar between the different classification methods (Table III) .
The proteins grouped to the GT-C fold type all have a high hydrophobic TM segment content.
There were however a few exceptions; one protein from family 19 was grouped to GT-C group but has no predicted hydrophobic TM segment, and there were eight GTs that have predicted TM segments, but were not recognised by the ACC method. Within the latter, three are from CAZy GT51 family. This group was not grouped to the GT-C fold type (cf. above), even though they all have one predicted TM segment (but not experimentally verified). A total evaluation of the prediction results using the MetaServer for "benchmarking" revealed that only that 10 out of 54 or 19% were "incorrectly" grouped (including TM ones). These results include classification of proteins with TM segments as a correct result. Within these ten, two contain both the GT-A and GT-B fold types (gene number sll1528 and slr1063) and where the two major folds GT-A and GT-B were found within the same protein, could also be recognised.
DISCUSSION
Fold predictions of glycosyltransferases have recently been discussed by many (4, 41, 42) . This is an important enzyme group, since the enzymes utilise many different sugar substrates and also acts on an extensive number of acceptors, with only a few fold groups described. The sequence similarity varies greatly between enzymes performing the same enzymatic reaction but the fold can still be the same. GTs have also been used to evaluate different fold recognitions methods, and the fold knowledge has been used in attempts to identify new GTs in organisms, e.g. Mycobacterium tuberculosis (42). In the latter study, multivariate methods were used to analyse a large data set, including fold prediction results, as well as molecular mass and theoretical isoelectric points (42). In the present study a different approach was developed. Glycosyltransferases of known structure were analysed by translating the amino acid sequence into z-scores describing their physico-chemical properties (19), followed by comparing property patterns between the sequences. Of course, some other supervised classification methods that are applicable for problems with more variables than objects could have been used here. For example support vector machines, have successfully been applied by Chou and co-workers (43,44) to predict structural domains in whole proteins. However, since at present, we are unaware of a more general comparison between the PLS-DA and the support vector machine classifier we will not speculate of the outcome of a change of classification method, but most advanced classification methods if correctly trained usually
give rather similar results.
Conservation of properties─
The bearing idea was here that properties are more conserved than amino acid types, leading to conservation of structures (cf. Mirny & Shakhnovich 1999) (33). Describing and comparing the GTs based on property patterns worked well both for fold type classification and stereochemistry of the enzyme product sugar linkage (Fig. 2 & 3) . The division between different fold types was better resolved when only analysing two fold types at the time, especially when membrane-spanning group GT-C was included. When all three fold types were separated in the same model, a partial overlap between GT-A and GT-B was seen. Both GT-A and GT-B consist of Rossman-like folds, with alternating alpha helices and beta strands. This was recognised by the method, and the difference between these two fold types was smaller than the difference between globular proteins and transmembrane ones with a high TM helix content (i.e. GT-A plus GT-B versus GT-C) (Fig. 2 A) . Amphipathic helices were not interfering, hence property patterns are very different for this transmembrane group compared to the cytosolic and surface-bound proteins.
Evaluation of genome data─The multivariate method was also used to predict the fold for all
GTs in E.coli and Synechocystis included in CAZy (Table II & III) . In E.coli the proportion of GTs with established functions is high, and Synechocystis is an organism with very high GT content. The data set consists of GTs belonging to the same GT families as the reference set, but also from other families. This method works best with proteins from families included in the reference set; it becomes easier for the program to predict the membership probability if the predicted protein share some homology with the proteins in the reference set, most evident for the GT-A and GT-B fold groups.
The MVDA method used here recognised the hydrophobic helices and grouped these proteins according to the TM helix content to the GT-C family, even when the dominating part of the protein had the GT-A or GT-B fold. In the E.coli set, seven GTs with high TM content were predicted to belong to the GT-C group (Table II) this latter fold group. Note that the TM content within the same GT family seems to vary greatly, and TM segments are not accounted for in CAZy. Despite this, fold and reaction mechanism could properly be predicted for proteins grouped to other GT families than the major ones.
The predictions were consistent, independent of the fold families included in the separation analysis, and independent on if two or three fold classes were used. The results obtained from the MetaServer were used as a benchmark comparison. When predicting the fold, with all three fold groups in the reference set, 82% of the E.coli GTs were predicted to have the right fold, and excluding the GT-C group increased the prediction correctness to 86% (Table III) .
In the first fold prediction, recognition of TM segments was regarded as the correct result.
The scores were improved when the GT-C group was removed from the prediction, hence the TM content is no longer accounted for (Table III) . Predicted glycosyltransferases from
Synechocystis, was also analysed by the same method, but even though the fraction of GTs belonging to the major families GT2 and GT4 are larger, the prediction ability was somewhat lower (Table III) . However, most of these are not as well studied as the E.coli enzymes.
Retaining and inverting mechanisms─The ability to predict retaining and inversion mechanisms was even higher than the structural predictions, 100% for the E.coli and 86% for the Synechocystis set within the GT-A fold group, and 60% versus 80% for the GT-B group.
The same comparison for the GT-C group cannot be made, since it seems to consist only of inverting enzymes. Little is understood about the differences at the sequence level between inversion and retention. The importance of acidic residues in the active site has been suggested, but exact conserved positions have not been established (41). Extensive sequence alignments revealed here that there are charge differences in the UDP-binding motif within the GT-B fold family (GT4, GT20 and GT1, GT28, respectively), data not showed. The conserved Ex 7 E motif has an Asp or Glu in the first position in GT4 and GT-20 (retaining), but the inverting enzymes in GT-1 and GT-28 have a His, Lys or Arg. The Lys261 in MurG is known to bind to a phosphate in the UDP-GalNAc donor (36), His293 in GtfA is known to have the same function (45), hence there is a charge difference between the two reaction mechanism within this motif.
The established alignment over the UDP-binding region was further analysed, to search for differences between the inverting/retaining clans in the GT-B family. The differences between the inversion enzyme clan within the GT-A group were too high and no alignment could be established, and choosing only a few families could give incorrect results. Within the GT-B group there are three solved crystal structures for the inversion group. There is one solved structure (OtsA) within the retaining enzymes, and three fold models within the retaining GT4
family. The OtsA could not be aligned over the active site with the members of GT4 due to longer loops and helixes in OtsA than the other enzymes (46). However, a comparison between the two different reaction mechanisms could be achieved at the sequence level and even on the structure level. The conserved positive variable patterns within the inverting clan (Fig. 4) were found to be superimposed when comparing the structures within the GT-B fold group (Fig. 5) . The best comparison could be made for the inverting enzyme group where the three different crystal structures have been solved, GftA(45), GtfB (35), and MurG (36,47).
GtfA was not used in the property alignment due to a different donor sugar nucleotide (45). A preliminary comparison could also be made between inverting and retaining mechanism within the GT-B group. When superimposing a fold model of alDGS (retaining) on to GtfB and MurG the corresponding negative variable pairs in the retaining group (Fig. 4) were found to be located in the same area ( known to bind UDP-GlcNAc, A264, L265, T266, E269, Q288, and Q289 (36), are located within the alignment (Fig. 4) , hence the property pattern positions might be involved in guiding the donor substrate to the right orientation. They can also be important for the right structure of the α/β/α motif of the active site (47). The positions in the GT-A retaining group were also found around the nucleotide binding area (Fig. 4) and may have similar functions (34). The property pattern positions from this alignment could also be superimposed at the structure level, indicating a functional importance (data not shown). These GT-B and GT-A sites are good targets for functional (mutational) analyses.
Conclusions─The ACC/PLS (multivariate) method that we describe here structurally classifies and identifies glycosyltransferases with high accuracy, on basis of amino acid sequence information. The method can even be used for predicting the stereochemistry of the reaction mechanism. Potential separating sequence parameters between the inverting and retaining mechanism have also been suggested. The positions found to be conserved within fold groups performing the same stereo chemical reaction are good candidates for mutagenesis, to better understand the differences between the two reaction types. This study has also identified four proteins containing more than one fold type, i.e. Synechocystis slr1816, sll1528, slr0626, slr1063. Multivariate analysis of all GTs annotated in the CAZy database may find new fold groups. Detailed analyses of large GT sequence families, such as GT-2 and GT-4, could potentially also find subgroups related to specific substrates, products and small structure differences such as high TM content. 
TABLE II
Predictions from the E.coli GT set. The scores are describing the probability to belong to a group, with 1 being an absolute score. The highest scores within each group are highlighted.
The MetaServer results are shown to the right. GT26, GT51, and GT66 have none of the three known fold types according (5), but GT26 has been proposed to have the GT-B fold type by Liu and Mushegian, 2003 (4) . AAAYAWADVVVCRSGALTVSEIAAAGLPALFVPFQHK+DRQQYWNALPLEKAGAAKIIEQPQLSVDAVANTLAGWSRETLLTMAERARAASIPDATERVANEVSRVAR--------107 : . 
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